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A B S T R A C T
The general purpose of normalization of EMG amplitude is to enable comparisons between participants, muscles,
measurement sessions or electrode positions. Normalization is necessary to reduce the impact of differences in
physiological and anatomical characteristics of muscles and surrounding tissues. Normalization of the EMG
amplitude provides information about the magnitude of muscle activation relative to a reference value. It is
essential to select an appropriate method for normalization with specific reference to how the EMG signal will be
interpreted, and to consider how the normalized EMG amplitude may change when interpreting it under specific
conditions. This matrix, developed by the Consensus for Experimental Design in Electromyography (CEDE)
project, presents six approaches to EMG normalization: (1) Maximal voluntary contraction (MVC) in same task/
context as the task of interest, (2) Standardized isometric MVC (which is not necessarily matched to the con-
traction type in the task of interest), (3) Standardized submaximal task (isometric/dynamic) that can be task-
specific, (4) Peak/mean EMG amplitude in task, (5) Non-normalized, and (6) Maximal M-wave. General con-
siderations for normalization, features that should be reported, definitions, and “pros and cons” of each
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normalization approach are presented first. This information is followed by recommendations for specific ex-
perimental contexts, along with an explanation of the factors that determine the suitability of a method, and
frequently asked questions. This matrix is intended to help researchers when selecting, reporting and inter-
preting EMG amplitude data.
1. Introduction
The estimation of the degree of muscle activation is one of the most
common applications of electromyographic (EMG) recordings. Although the
terms “muscle activation” and “EMG amplitude” are often used inter-
changeably, they represent different concepts.Muscle activation refers to the
number of muscle fibers activated and their firing rates. EMG amplitude
relates to the time-varying standard deviation of the EMG signal associated
with the transmission of action potentials along the muscle fiber mem-
branes. The raw interferential EMG signal is a noise-like signal. Although its
amplitude is related to the level of muscle activation, the precise nature of
the relationship is affected by many factors (Farina et al., 2004, 2014; Raez
et al., 2006). To analyze and interpret EMG amplitude data, normalization is
usually needed (Staudenmann et al., 2010).
The purpose of EMG amplitude normalization is to enable com-
parisons between participants, muscles, measurement sessions or elec-
trode positions by accounting for features that would influence the
amplitude of the EMG signal, and thus alter the nature of its relation-
ship to muscle activation. These features include physiological and
anatomical characteristics of muscles and surrounding tissues that
could/would differ between muscles, study participants and testing
sessions (e.g., distribution and number of fibers in the motor unit ter-
ritories, orientation of the muscle fibers, thickness of the subcutaneous
tissue layers, spatial organization of the innervation zone), and char-
acteristics of the detection system (e.g., properties of the electrode-
tissue interface, inter-electrode distance, orientation relative to muscle
fibers) (Burden, 2010). For any recording situation, it is generally not
possible to quantify the contribution of each of these factors to varia-
tion in EMG amplitude. This makes it difficult to interpret the absolute
value of the EMG signal amplitude.
In principle, the normalized EMG amplitude value provides in-
formation about the degree of muscle activation present in a specific task
context, expressed relative to a reference value used for normalization.
Various normalization methods have been described (Burden, 2010;
Merlo and Campanini, 2016), such as the reference to a maximal vo-
luntary contraction (MVC), sub-maximal voluntary contraction, peak/
mean during task, etc. Although normalization to an MVC is commonly
used, because it is generally repeatable and provides a reference value
that can be interpreted easily, i.e., relative to the maximum possible
activation of the muscle (Bolgla and Uhl, 2007; Burden, 2010), this is not
always possible and may not be the best method for some needed ana-
lyses (Hug and Tucker, 2017). Although some methods have been re-
ported as reliable (Albertus-Kajee et al., 2011; Murley et al., 2010;
Tabard-Fougere et al., 2018) and give similar values between sessions,
this does not ensure that the normalized EMG amplitude value enables a
valid comparison of the level of activation of a muscle(s) for a specific
application or research question. It is important to consider whether the
normalization method is both repeatable and valid, and suitable to an-
swer the specific question being addressed with EMG. Accurate inter-
pretation of EMG data depends on the appropriate selection of the am-
plitude normalization method and this should be well justified.
Several guidelines and recommendations provide guidance re-
garding methodological issues of EMG, such as the SENIAM project
(European Recommendations for Surface Electromyography) (Hermens
et al., 2000), and the EMG reporting standards (International Society of
Electrophysiology and Kinesiology) (Merletti, 2014). These guidelines
address some aspects of the EMG experimental design, but neither
provides clear guidance for decision making with respect to the ques-
tion being addressed by the application of EMG in research or clinical
practice. This is important as different normalization methods may be
appropriate/inappropriate for specific applications. Advice regarding
the appropriateness of a normalization method for a specific context is
not straight-forward. Although some recommendations are based on
clear empirical evidence, many scenarios have not been addressed and
recommendations depend on expert knowledge. Further, in some task
contexts or in some participant groups (e.g., people with pain, children,
etc.), the optimal method for EMG normalization may not necessarily
be possible or practical. In such circumstances, decisions that are made
concerning the means of analyzing and interpreting EMG amplitude
may be guided usefully by recommendations from and, ideally con-
sensus among, expert practitioners. The Consensus for Experimental
Design in Electromyography (CEDE) project aims to provide expert
consensus to guide decision-making in the recording, analysis, and in-
terpretation of EMG (Hodges, 2019), and with specific reference to
guidance for specific applications. Recommendations are presented as
matrices that guide the application and interpretation of different
salient features of EMG. The present CEDE matrix was developed to
summarize recommendations for the normalization of EMG amplitude.
The information presented in this document generally can be related to
the rectified, smoothed EMG signal.
2. Methods
Details of the project, including the method for expert group se-
lection, and the process for the development of the CEDE matrices have
been described in detail elsewhere (Besomi et al., 2019; Hodges, 2019).
In brief, a three-step process was followed in preparation of this matrix:
(1) Development of the draft content by a steering committee from the
CEDE project; (2) General comments from CEDE team members with
expertise in the topic; and (3) A Delphi process to reach consensus of
the content. Participants of the Delphi process are co-authors. Approval
for this project was obtained from the Human Research Ethics Com-
mittee of The University of Queensland, Australia.
2.1. Development of the draft content by the steering committee and CEDE
project team
Draft content for the matrix was developed by the steering com-
mittee (MB, PWH) and CEDE project team members with expertise in
this topic (EAC, JVD, FH, ML, RM, KS, TW). The content was prepared
with consideration of the advantages and limitations of each EMG
amplitude normalization method. Six methodological approaches to
normalization of EMG amplitudes were considered in the matrix: (1)
MVC in same task/context as the task of interest (with matched con-
traction type, muscle length/joint angle, and/or velocity), (2)
Standardized isometric MVC (which is not matched to the contraction
type, muscle length/joint angle, and/or velocity of the task), (3)
Standardized submaximal task (isometric/dynamic) that can be task-
Table 1
Descriptors used to identify the appropriateness of a normalization approach.
Descriptor Definition
YES High probability that it is appropriate
CAUTION Might be appropriate but with consideration of specific issues
GENERALLY NO Generally not appropriate, but may be accepted with
consideration of specific issues
NO High probability that it is inappropriate
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specific, (4) Peak/mean EMG amplitude in task, (5) Non-normalized
EMG amplitude, and (6) Maximal M-wave amplitude normalization.
The matrix was reviewed by the nominated CEDE members to obtain
feedback on the proposed design and content features of the initial
draft. This process was followed by refinement of the content and fur-
ther development before progressing to the Delphi process.
The overall format for this matrix was divided into six sections:
general considerations for amplitude normalization, general features
that should be reported, pros and cons of each method, common ex-
perimental contexts, and frequently asked questions. For each experi-
mental context, a recommendation of the appropriateness of an EMG
amplitude normalization method for a specific application was pro-
vided as “yes”, “caution”, “generally no”, or “no” (see Table 1 for de-
finitions), along with an explanation.
2.2. Delphi process to reach consensus of the content
An online Delphi approach was used to reach consensus among ex-
perts. This approach is a widely accepted method to achieve consensus and
is used as a decision-making method (Waggoner et al., 2016). The Delphi
technique uses multiple rounds of questionnaires that can involve alloca-
tion of ratings and/or open-ended answers (von der Gracht, 2012). In
round one, the entire matrix was sent to the whole CEDE team (n = 20)
along with the instructions and timeline for completion. A reminder was
emailed after two and four weeks. The same approach and timeline were
used for the subsequent round. For the assessment of satisfaction level and
agreement/disagreement among participants, a nine-point Likert scale was
used (Fitch et al., 2001) that asked contributors to indicate that they
considered that content was “appropriate” (score 7–9), “uncertain” (score
4–6) or “inappropriate” (score 1–3). Participants rated their agreement for
each cell of the matrix and were invited to provide comments to highlight
aspects that were not agreeable. Consensus was considered to be reached
if > 70% of contributors provided scores between 7 and 9 (appropriate)
and < 15% of contributors provided scores between 1 and 3 (in-
appropriate) (Williamson et al., 2012). As a further criterion, an inter-
quartile range (IQR) ≤ 2 units on a nine-unit scale was necessary to
consider that consensus had been reached among Delphi panelists (von der
Gracht, 2012). For cells that reached consensus, any contributor’s com-
ments that were recorded were considered and implemented as necessary.
Based on the results of round one, items with an insufficient con-
sensus were refined by the steering committee by integrating feedback,
and were re-sent to the experts who had provided ratings below 7
points. Changes or new information proposed by contributors were
highlighted in the second-round questionnaire. All CEDE members re-
viewed the final document for endorsement and were included as au-
thors. For this matrix, 20 experts participated in the Delphi process. The
lead investigator (PH) and the coordinator (MB), who developed the
draft matrix, did not participate in that process, but in addition to de-
veloping the initial content, they oversaw the project and collected/
integrated all responses.
All data were entered and processed with Microsoft Excel. The
number and percentage of participants rating each outcome as appro-
priate (score 7–9), uncertain (score 4–6) and inappropriate (score 1–3)
were calculated, as well as the median and IQR for each item.
3. Results
From the 20 experts who agreed to participate in the Delphi process,
18 (80%) replied to the first-round questionnaire. Version 1 was com-
posed of 19 items. After round one, nine sections were ranked with
insufficient consensus. For round two, the nine sections were re-sent to
experts who had rated an item lower than 7 points (n = 13). Of those,
12 experts (92.3%) completed the second-round questionnaire. All
sections reached consensus after this round. A summary of the results of
the two rounds of the Delphi consensus process is presented in
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The EMG amplitude normalization matrix endorsed by the CEDE
project team is presented in Table 2. A checklist (Table 3) is provided to
guide and facilitate the reporting of EMG normalization based on the
content of the matrix.
4. Discussion
The matrix developed in this Delphi consensus project represents a
summary of recommendations of six methodological approaches for
normalization of EMG amplitude. Ten experimental contexts that re-
present common questions that are asked in research and clinical ap-
plication of EMG were included. For each context, a recommendation is
provided with different levels of certainty.
Strengths and limitations of this consensus process have been de-
scribed in detail elsewhere (Besomi et al., 2019). In brief, the matrix
represents a concise overview of common normalization methods and
its application in different situations, as well as recommendations based
on expert consensus opinion. Updates of this matrix will be needed as
new empirical data emerge and as new methods become available.
Because empirical data are not always available, some recommenda-
tions are based on logical and theoretical considerations.
Within the consensus process, there were some conflicting opinions
between experts regarding the use of some normalization methods for
specific applications. The greatest concern related to how to make de-
cisions when the ideal method cannot be implemented. For instance, in
participants with pain, it is commonly considered that participants may
be unable or unwilling to perform a maximal effort. In that case, nor-
malization to MVC is likely to be biased towards higher resulting values,
variable and invalid. In some cases there is no method available to an-
swer the research question (e.g., when participants cannot voluntarily
activate a muscle [e.g., motor paralysis after cerebrovascular accident] or
have difficulty activating the muscle [e.g., pelvic floor muscle activation
in urinary incontinence, or pediatric population]). In those cases, where
no ideal method is available, interpretation of the EMG amplitude may
depend on the use of multiple sub-optimal methods, and consideration
the convergence/divergence arising from these. When the task of interest
is a maximum effort, normalization to MVC is not possible. In that case,
non-normalized EMG amplitude may be considered with caution, but
may require concurrent analysis of biomechanical parameters (e.g.,
physiological cross-sectional area and muscle fiber length) to interpret a
difference or change within and between participants.
Some normalization methods are commonly used inappropriately,
which leads to misleading interpretations and recommendations. For
example, it has been proposed that normalization of EMG amplitude in
a standardized submaximal task enables comparison between groups
when an MVC is not possible. Unfortunately, the likelihood that parti-
cipants in the groups perform the normalizing task in a manner that
differs between groups, it renders this form of analysis invalid (Hug &
Tucker, 2017). If this method is used, this limitation upon the inter-
pretation of data should be considered and discussed. Further, nor-
malization to the peak or average amplitude in a task does not enable
comparison of amplitude between groups or muscles. This method only
reflects how the amplitude is distributed across the task and would
remove differences between individuals with high and low activation.
A critical issue highlighted in this consensus process is that the ideal
normalization method may be muscle- and task-dependent (Ball and
Scurr, 2013). EMG amplitude recorded during MVCs differs as a function
of joint angle (i.e., muscle length) (Worrell et al., 2001) and shortening/
lengthening velocity (Buckthorpe et al., 2012). Normalization methods
require careful consideration when dynamic tasks are being assessed.
5. Conclusion
This matrix presents recommendations for the selection of EMG
Table 3
Checklist* for EMG amplitude normalization matrix.





Amplitude normalization 1 Is the normalization method (and instrumentation used, if applicable) reported?
2 Is the selected normalization approach appropriate/valid for the question to be addressed?
If not, are the limitations and justification for the selection of the normalization approach described in the
paper?
3 Is the protocol for the normalization procedure reported with sufficient detail? This should at least
include:
- Instruction of the task;
- Methods used to confirm that the task used for normalization is performed accurately or any
reason to suspect that the maximal contraction might not be achieved.
4 Are familiarization and guidance procedures with the task used for normalization performed?
5 Is the time window (over which the EMG amplitude value is calculated) reported?
6 If applicable, are the filter properties (e.g., cut off frequency, type and order of the filter) reported?
7 Is the reliability/repeatability of the EMG measure reported?
If not, are potential limitations outlined in the paper?
Legend: *This checklist is formatted for use in preparing and reviewing manuscripts that include EMG.
NA: Not applicable.
M. Besomi, et al. Journal of Electromyography and Kinesiology 53 (2020) 102438
14
normalization methods, developed by the CEDE project team. Its aim is
to improve the quality of the reporting and interpretation of EMG
amplitude data. This matrix includes six commonly used approaches for
amplitude normalization along with their definitions, pros and cons,
and consideration of the experimental contexts in which they are used
commonly. This matrix does not replace formal training or education in
EMG practice. Rather, it is intended for use as a reference when plan-
ning studies, and when reporting (and justifying) the decisions that are
made in selecting EMG amplitude normalization methods. EMG nor-
malization is a major issue that should be planned before data collection
to ensure that the appropriate tasks are implemented and conducted, to
enable valid methods of data analysis.
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Appendix 1. Round One Rating Scores. Each cell provides median score and IQR (in parenthesis) in first row, then % appropriate (scores
7–9) followed by inappropriate (scores 1–3) in second row.
Amplitude normalization matrix items – ROUND 1 1. MVC in same task/














General considerations for normalization 7 (1.5) / 72.2%, 0%































































3. Amplitude comparison within a person and muscle, between c-














4. Amplitude comparison within a person and muscle, between s-














5. Extraction of muscle synergies (also called motor modules/ pri-













6. Identification of periods of activity and inactivity using thresh-















7. Identification of pattern* of activation from averaged data bet-

























9. Interpretation of changes in force contributed by a muscle bet-







































Frequently asked questions 7 (1.8)
72.2%, 0%
Legend: Numbers in bold represent items that did not reach consensus.
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Appendix 2. Round Two Rating Scores. Each cell provides individual responses in first row, median score and IQR (in parenthesis) in
second row, then % and ratio (in parenthesis) of appropriate (scores 7–9) followed by % of inappropriate (scores 1–3) in third row.
Amplitude normalization matrix items – ROUND 2 1. MVC in same task/





























































2. Amplitude comparison within a person and muscle, between ses-
























3. Amplitude comparison between muscles during the same task























4. Extraction of muscle synergies (also called motor modules/ primi-























5. Identification of periods of activity and inactivity using thresholds
























6. Identification of pattern of activation from averaged data for com-























8. Interpretation of changes in force (from the EMG amplitude) cont-














































Legend: The content of two sections in the first-round questionnaire (experimental contexts 1 and 2), was merged into one for the second-round
questionnaire (experimental context 3).
* Although these items presented IQR> 2, it was decided that these sections would not follow to a third round. The specific content of concern to
the two CEDE members related to the suggestion that normalization was not needed when matrix or array surface EMG electrodes are used. A new
paragraph within “General considerations” (the first section of the matrix) was added to clarify this issue with the input of selected CEDE experts,
and these edits/additions were confirmed with the two contributors for their endorsement.
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